The second starts at the LDR-HDR transition, where flow statistics become fundamentally changed in the log-law layer and turbulence localization is observed. A mechanism is then proposed for the latter based on the changing vortex regeneration dynamics between LDR and HDR.
Introduction
The phenomenon of turbulent drag reduction (DR) caused by polymer additives is widely known and has been studied extensively in the literature [1, 2, 3] .
As a small quantity of polymers is added to a Newtonian liquid, turbulent structures are modified. The resulting friction drag reduction, measured by
(C f,s and C f are the friction factors of the pure solvent and polymer solution, respectively), can reach up to 80%. As a result, the mean flow rate under the same pressure drop increases which considerably enhances the fluid transportation e ciency. Understanding of this phenomenon has significant practical im-
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plications for the development of mechanical flow control schemes and has thus gained significant attention since the 1940s.
In viscoelastic fluids, polymer-induced elasticity is measured by the Weissenberg number Wi = ˙ , which is defined as the product of the polymer relaxation time and the shear rate˙ of the flow. Below a critical magnitude of Wi, the mean flow is statistically indistinguishable from that of Newtonian turbulence: in most of the boundary layer, both follow the same Prandtl-von Kármán (PvK) log law [4] U + = 2.5y + + 5.5 (2) where the superscript "+" indicates quantities in turbulent inner scales: i.e.
velocities and lengths are scaled by the friction velocity and viscous length scale or "wall unit" (see definitions in Section 2), respectively. The onset of
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DR typically occurs at Wi onset = O(10) [5, 6, 7, 8] . Further raising Wi leads to increasing levels of DR (see Figure 1 ), which eventually saturates and approaches an asymptotic upper bound. Rather surprisingly, this maximum drag reduction (MDR) asymptote is found to be insensitive to the rheological properties of the polymer solution [1] .
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The original theory of Virk [1] postulates that polymer e↵ects concentrate in the bu↵er layer, corresponding to 5 . y + .
in Newtonian turbulence
(right below the log-law layer) [9] . Increasing Wi leads to a thicker bu↵er layer, now termed the "elastic sublayer" to reflect the polymer e↵ects, but the log law layer remains una↵ected with the same slope and only a larger intercept 20 ( Figure 1 ). The elastic sublayer keeps on expanding with increasing Wi until MDR is reached where it occupies the whole channel.
Despite its intellectual appeal due to its conceptual simplicity, this elastic sublayer theory was later proven oversimplified. Experiments by Warholic et al. [10] revealed that the PvK-like log law is only preserved for low-extent DR (LDR) (. 35% in that study) and for high-extend DR (HDR), the slope of the mean velocity profile in a linear-log plot is ostensibly higher than the PvK magnitude ( Figure 1 ). This was further confirmed by a number of experimental and numerical studies [5, 11, 12, 13, 7, 8] . Although often associated with the quantitative magnitude of DR% in the literature, emerging evidences 30 have suggested that the LDR-HDR transition is indeed a qualitative change in the turbulent dynamics. A recent analysis by White et al. [14] showed that at HDR U + does not even strictly follow a logarithmic dependence. In addition,
for minimal flow units (MFUs) and one low Re, Xi and Graham [7] showed that this change in the shape of the U + (y + ) profile can occur at DR% as low as understanding the turbulent dynamics of HDR will be pivotal to breaking this ceiling. Meanwhile, the fundamental significance also should not be overlooked.
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Despite the ongoing debate between viscous vs elastic mechanisms [16, 17] , it has been generally accepted that DR is caused by the polymer-turbulence interaction and the resulting suppression of vortical structures [18, 19, 20, 21] . This e↵ect kicks in at the coil-stretch transition of the polymers [8] and corresponds to the onset of DR. The additional LDR-HDR transition at Wi distinctly higher 55 than the onset suggests that there is another change in the underlying polymerturbulence dynamics that we do not as yet understand: i.e. DR with increasing polymer elasticity is a two stage process with a first mechanism being triggered at the onset and a second mechanism at the LDR-HDR transition. The change in the U + (y + ) profile suggests that the first mechanism mainly acts in the bu↵er 60 layer whereas the second one extends to the log-law layer.
In the recent framework by Xi and Graham [22] , turbulent dynamics in [27, 26] . This link, however, has not been tested in larger domains nor for more than one Re.
As we will show later, correlation between vortex dynamics in di↵erent regions turns out to be important for understanding HDR, which was not considered in 85 this MFU framework.
The purpose of this study is first to systematically investigate the di↵erences between LDR and HDR in an extensive flow domain (compared with MFU) by densely sampling the parameter space. In particular, at each Re and in both LDR and HDR regimes, multiple points need to be included to establish the 90 LDR-HDR transition as a qualitative one. A new mechanism will be proposed for the changing vortex dynamics underlying the transition. The paper is organized as follows. After introducing our simulation approach in Section 2, changes in flow statistics at the LDR-HDR transition will first be summarized in Section 3.1. We will then study and quantify the transitions in flow struc-95 ture Section 3.2. Our new mechanism for the changing vortex dynamics at HDR is proposed in Section 3.3.
Formulation and numerical details

Direct Numerical Simulation (DNS) of the governing equations in a plane
Poiseuille geometry is performed following the standard procedure first intro-100 duced by Sureshkumar et al. [28] . The geometry of the simulation domain is shown in figure Figure 2a . The flow is driven by a fixed streamwise pressure gradient orientated in the x-direction. The no-slip boundary condition is applied to the walls (y-direction) and the periodic boundary condition is applied to both the streamwise (x-direction) and spanwise (z-direction) boundaries. The The momentum and mass balance equations are
where the Weissenberg number Wi is the product of polymer relaxation time and the mean wall shear rate, i.e., Wi ⌘ U c /l and ⌘ ⌘ s /⌘ is the ratio of the solvent viscosity to the total viscosity. The last term on the right-hand-side of (Equation (3)) accounts for the polymer e↵ect, where ⌧ p is the polymer stress tensor. It is calculated with the FENE-P constitutive equation [29] 
The FENE-P model treats polymer molecules as finitely extensible nonlinear elastic (FENE) dumbbells, as shown in Figure 2b . The polymer conformation tensor is defined as ↵ ⌘ hQQi , where Q donates the end-to-end vector of the dumbbell. The length of the dumbbells is constrained by the maximum extensibility parameter b: i.e., max(tr(↵))  b.
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All variables are discretized with a Fourier-Chebyshev-Fourier pseudo-spectral scheme. The grid size in the x direction is + x = 9.09 and that in the z direction is No. Re and 195 for Re ⌧ = 86.15, 121.84, and 172.31, respectively. For the time integration, we adopt a third-order semi-implicit backward-di↵erentiation/AdamsBashforth scheme [30] , and the time step is chosen to be t = 0.01. Numerical settings used in production runs are listed in Table 1 . An artificial di↵usion term 1/(ScRe)r 2 ↵ is added to the right-hand side of Equation (5) Table 2 . As a example, we present the streamwise one-dimensional energy spectra of all three velocity components -defined as
(where i = x, y, z is the index for velocity components, "0" indicates the fluctuating component of the velocity field,· indicates the Fourier transform, and "⇤" indicates the complex conjugate) -in Figure 3 . For all cases, results from di↵erent resolutions and numerical di↵usivity magnitudes well collapse onto one another, indicating that our choice of Sc is su cient.
125
The numerical code used for this study is a custom MPI-parallelized code developed based on the C++ Channelflow package [33] . A Newtonian version of the code was earlier used for the DNS of Newtonian Poiseuille flow [34] ; the code was then extended for viscoelastic simulation by integrating the original algorithm of Xi and Graham [7] .
Results and Discussion
Simulations in this study are all performed in the box size of L Re are needed to establish the usefulness, if any, of this correlation. Also noteworthy is that the LDR-HDR transition, which occurs at around DR% = 20%
(shown later in Figure 9 ), is not reflected as any discernible change of trend in DR%. For the two lower Re ⌧ where high Wi results are available, DR% eventually saturates to an asymptotic upper limit. In its literal interpretation, MDR 170 is the limit where DR% saturates with polymer elasticity. We will therefore refer to this limit as MDR in this paper. Further increasing the Wi causes the flow to laminarize. Experimentally, MDR should be a self-sustaining turbulent state where laminarization is avoided. However, re-laminarization at Wi is often observed in simulation studies [5, 7] . There are several possible causes for this 175 discrepancy, including the lower Re and limited domain size used in simulations.
Deterioration of numerical accuracy due to the artificial di↵usion may also play a role at this level of Wi [12] . Nevertheless, the LDR-HDR transition studied here occurs at much lower Wi and none of the major conclusions of this study should be a↵ected.
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Simulation points reported in this study are summarized in a Re-Wi parameter space in Figure 5 , which is divided into four stages of DR behaviours:
pre-onset (P.O.), LDR, HDR, and MDR. In the current domain, Re ⌧ = 61.28 is the smallest Re to observe sustained turbulence, where introducing polymers immediately leads to laminarization. At the higher Re, the full transition path At LDR (Wi = 16 for both Re in Figure 6 ), the mean velocity profiles rise in the bu↵er layer region and remain parallel to the Newtonian case in the log-law to but still slightly below the Virk asymptote. Although it is a common practice in the literature to take the Virk log law as the criterion for identifying MDR, we note that it is only an empirical correlation for experimental data often gathered at higher Re than most computational studies. The appropriateness of the Virk log law is even challenged recently [14] . As stated above, we take This transition between local and global suppression is more clearly seen when the deviation of the Reynolds shear stress from the Newtonian case is plotted in Figure 8 . In other components, changes in the Reynolds stress magnitudes
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(increase in the streamwise component and decrease in other components) in the log-law layer all become augmented at the LDR-HDR transition. Notably, it even results in a clear change of shape of the wall-normal profile: at LDR, same as the Newtonian limit, the profile climbs up to a maximum near y + = 40, followed by a steady decline at higher y + , whereas at HDR, the profiles stay 250 flat in the log-law layer.
Qualitative transitions observed in both Figures 6 and 7 indicate that fundamental changes have occurred in the turbulent dynamics of the log-law layer. To further tie these transitions to the phenomenological LDR-HDR transition, we compare the trends of quantity changes using multiple data points in both LDR and HDR regimes. Note that the Reynolds shear stress is related to the velocity gradient, which determines the log-law slope of the mean velocity profile, via the shear stress balance
The three components on the right-hand side of Equation (9) are the contributions of the mean viscous shear stress, Reynolds shear stress, and polymer shear stress to the total shear stress. To further inspect the changing flow statistics in the log-law layer, the energy spectrum of the streamwise velocity E xx (defined in Equation (7)) is calculated in the log-law layer and plotted in Figure 10(a) . As Wi increases, the profile is raised at smaller k x and reduced at larger ones. This is consistent with the observation in previous studies that polymer additives suppress small scale The e↵ect becomes apparently amplified in HDR, which is more clearly observed when we calculate the proportion of energy contained in the 15 leading modes
and plot it as a function of y + in Figure 10 . As Wi increases, the accumulated energy contained in the large scales increases, consistent with the increasing importance of the large-scale turbulence structures. In all cases, the profiles fluctuations at high y + , which supports our hypothesis that a second mechanism is triggered at HDR for DR in the log-law layer. This change of profile shape can be shown to correspond exactly to the LDR-HDR transition when we take the part of each profile in Figure 10 within the bulk of the channel -defined here as |y|  0.5, calculate a profile slope using linear regression, and plot this 290 characteristic slope in Figure 11 versus DR%. It is clear that at LDR, the characteristic slope is nearly flat with increasing DR% and the slope starts to increase only in HDR.
As for the polymer conformation statistics, we show the normalized profiles of the square root of the trace of the polymer conformation tensor ↵ at Re ⌧ = 295 86.15 and 121.84 in Figure 12 . This quantity is essentially proportional to the average end-to-end distance of the polymer chains. As expected, polymer extension increases with Wi, but interestingly the trend does not stop in the also observed in MFUs [7] and it indicates a qualitative shift in the polymer-305 turbulence interaction.
Turbulence structures
To unravel the turbulent dynamics behind these changing flow statistics, we first turn to the flow patterns and vortex structures. We will start with velocity distributions which have been widely discussed in the literature. We will then 310 show that the changing velocity patterns are a reflection of a change in the vortex distribution and topology. Figure 13 shows the streamwise velocity distribution at y + = 20 for Newtonian, LDR, HDR and MDR stages. The alternating bright and dark stripes 315 correspond to the high-and low-speed streaks typical of near-wall coherent structures. It is clear that as Wi increases, the length of velocity streaks in- creases while the curvature of the streaks decreases. For Newtonian and LDR cases, the streaks wiggle around as they extend downstream, whereas in HDR and MDR, the streaks are wide and straight in shape and wrinkles become 320 spotty. These changes are reported in various prior experimental and numerical studies [40, 41, 38, 13] .
Turbulence localization: visualization and quadrat analysis
Vortices in the flow field are identified by the Q criterion [42, 43] , where
is the di↵erence between the Frobenius norms of the vorticity tensor
and the rate of strain tensor
A pure shear flow has Q = 0 and in turbulent flow large positive and negative Q values correspond to regions dominated by rotational and extensional flows, respectively.
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Isosurfaces of Q = 0.7Q rms , where Q rms is the root-mean-square of the Q field in that domain, are shown in Figure 14 for the same four instants of Figure 13 .
As Wi increases, not only is the vortex strength weakened -which can be judged from the isosurface level (/ Q rms ) and is expected because polymers are known to suppress turbulence, but the distribution pattern also seems to have Vortices also become elongated and most remain aligned in streamwise direction.
Indeed, the smooth streak patterns observed in Figure 13 for HDR (and MDR) are simply a reflection of the turbulence localization, where the straightened In order to quantitatively analyze the level of turbulence localization at highWi turbulence, we adopt the so-called quadrat analysis [44] . In this algorithm, the computational domain is divided into an array of rectilinear cells in the xz plane. Within each cell,
is the fraction of the volume occupied by turbulence V turb over the total cell volume V cell . Here, turbulent regions are identified as those where Q > 0.7Q rms .
The extent of localization is quantified by the coe cient of variation
where s p and p are the standard deviation and the mean of the p values of individual cells. Obviously, when turbulent distribution is more heterogeneous, there will be a larger disparity between the p values of di↵erent cells, leading to 350 a larger ratio of its standard deviation to the mean.
Results of this quadrat analysis are presented in Figure 15 . Since the choice of cell size is arbitrary, we tested multiple sizes to make sure that our conclusions do not depend on this artificial parameter; two of the sizes are tested, i.e., suppression occurs throughout all stages of DR after the onset. As shown in Figure 16 , the magnitude of Q steadily decreases with increasing DR% in both LDR and HDR stages. The localization of turbulence, however, only occurs in HDR, which could be the second mechanism for DR responsible for the qualitatively changes in flow statistics.
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The observation of turbulence localization at the transition to HDR resonates with the spatio-temporal intermittency between active and hibernating 
Percolation Analysis
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A simple extension of the active-hibernating framework from MFU to an extended domain would imply that there is no di↵erence in vortex topology within in Newtonian turbulence [7, 27] . Here, however, using the percolation analysis proposed by Lozano-Durán et al. [45] , we discover a fundamental shift in the vortex topology that accompanies the localization of turbulence.
Recall the Q-criterion used in Figure 14 , the choice of the threshold value of Q for vortex identification is largely arbitrary. The resulting vortex configuration clearly depends on this choice: as Q threshold increases, fewer and fewer regions satisfy the criterion, resulting in fewer and smaller vortices being identified. Vortex configuration with the increasing threshold magnitude, measured by the non-dimensional H parameter defined with is shown in Figure 18 . For each H, interconnected vortices are considered to form a vortex cluster and coded with the same color in Figure 18 . In Newtonian turbulence (Figure 18(a) ), at H = 0.2, the threshold is lower than even the Q magnitude of the weak rotational motion between vortex cores.
These regions form "tunnels" that connect the main vortex bodies, resulting in an interconnected network that percolates the domain. As H increases to 0.4 430 and 0.5, the "tunnels" quickly break and the percolating network decomposes into separate vortex clusters, marked by di↵erent colors. This process is quantified by the ratio of the volume of the largest vortex cluster V max to the total volume of all vortices identified V tot and plotted in Figure 19 . As shown in Figure 18 (a), at the lowest H all vortices belong to the same cluster and there- which drives the LDR-HDR transition, is unknown. Here, we make the first 475 attempt at its mechanistic understanding by proposing a possible mechanism that is compatible with currently known observations. We start our discussion by revisiting the self-sustaining dynamics of Newtonian turbulence. Schoppa and Hussain [46] summarized the vortex regeneration mechanisms proposed in the literature into two major categories (Figure 20 ).
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The first is what we will refer to as the "streak-instability mechanism". Upward ejection of near-wall fluid by streamwise vortexes form low-speed streaks. A strictly x-independent streak is stable but as the streak intensifies (i.e., larger contrast between low-and high-speed streaks), it becomes increasingly susceptible to x-dependent perturbations, which leads to the so-called streak breakdown to show here in an extended turbulent domain, in our recent study [50] where the vortex growth and bursting process was tracked in an MFU, it was observed that the bursting of coherent vortices generates strong small-scale fluctuations The self-sustaining process of Newtonian turbulence includes both streak-520 instability and parent-o↵spring mechanisms. These two processes o↵er two parallel pathways whereby the vortex dynamics can be continuously regenerated.
Our simulations show that the situation changes at high Wi where the streakinstability process is rare and the parent-o↵spring pathway becomes exposed. A typical scenario is shown in Figure 21 Figure 18 ). In addition, the suppression of hairpins and their lift-up and eruption at larger y + can also explain the suppressed Reynolds shear stress in the log-law layer. And since bursting is bypassed, intense smallscale fluctuations are avoided, which is consistent with the larger proportion of energy accumulating in large scale structures in the log-law layer (Figure 10 ).
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After the direct comparison between the vortex regeneration dynamics of a Newtonian and high-Wi cases, we now need to show that the suppression of the streak-instability pathway does indeed correlate with the LDR-HDR transition. According to [46] , the relative stability of a streak is determined by its "strength", which basically describes by how much the base flow has between distorted by the upward ejection of the low-speed streak, which creates spanwise variation or contrast in v x . As sketched in Figure 22 , the strength is quantified locally by the streak lift angle where ! y and ! z are the wall-normal and spanwise components of the local vorticity. The stability of low-speed streaks is measured by their characteristic lift angle
at the y + = 20 plane. Here, regions with v 0 x  0 are first identified as the low-speed streak regions; local maxima along the x direction that fall into these regions are collected into the sample pool of ✓ c . at the lowest Re but it becomes sharp at higher ones.) Note that a streak is considered unstable at ✓ c > 50 for sinuous streak instability [46] . The sharp change in the distribution at the beginning of HDR indicates a drastic decrease in the number of streaks eligible for instability, which supports the mechanism 570 we propose: HDR is a stage where the streak-instability pathway for vortex regeneration is greatly suppressed, exposing the parent-o↵spring mechanism as the main pathway (Figure 20(b) ). Since the latter is known to maintain the clustering and close interaction between vortices, this mechanism consistently explains the observed turbulence localization. • The mean velocity profile deviates from the PvK log law behavior in the log-law layer ( Figure 6 ).
• The Reynolds shear stress is suppressed not only in the bu↵er layer, but across the whole channel (except the viscous sublayer) (Figure 7 ).
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• As the Reynolds shear stress becomes suppressed in the log-law layer, viscous and polymer shear stresses increases ( Figure 9 ; in LDR, these changes only occur in the bu↵er layer).
• The energy spectrum in the log-law layer becomes qualitatively changed in the log-law layer, with a sudden increase in the energy accumulated in 595 large scales (Figures 10 and 11 ).
In summary, unlike at LDR where most DR e↵ects are contained in the bu↵er layer, at HDR these e↵ects extend to the log-law layer. Behind these apparent changes in flow statistics, the turbulent structure has also changed fundamentally. At LDR, turbulent vortices are homogeneously spread across the 600 domain, but at HDR they cluster into strongly interacting groups. Turbulence becomes localized, leaving the regions outside these vortex clusters laminar-like.
Percolation analysis reveals a fundamentally changed vortex topology at HDR (Figure 19 ).
These changes indicate that DR goes through two distinct stages with dif- Admittedly, the binary categorization of vortex regeneration mechanisms is simplistic and, more importantly, there still lacks su cient direct evidence for the proposed mechanism. The nature of HDR is far from being a solved problem. For future work, we will further test this hypothesis by systematically investigating the polymer e↵ects on the vortex regeneration process. This is 630 di cult to achieve using DNS in statistically steady turbulence (as in this study), 
